Cystic fibrosis (CF) results from mutation of the cystic fibrosis transmembrane conductance regulator (CFTR) gene,^[@ref1]^ affects about 70 000 humans worldwide,^[@ref1]^ and is the most common life-shortening genetic disease among Caucasians.^[@ref2]^ This disease affects multiple organs including the lungs and upper respiratory tract, the gastrointestinal tract, pancreas, liver, sweat glands, and genitourinary tract. A major feature of the CF disease of the airway is disruption of the normal airway fluid and mucus secretion.^[@ref1]^ Consequently, pathogenic bacteria can easily colonize and persist in the airway and form biofilms. A variety of opportunistic pathogens, including *Pseudomonas aeruginosa*, *Staphylococcus aureus*, and *Burkholderia cepacia* complex (Bcc), cause chronic pulmonary infections and subsequently result in intense persistent inflammation, which is a major cause of the morbidity and mortality in these patients.^[@ref1]^ Furthermore, the ability of these organisms to form biofilms renders them resistant to eradication, even with aggressive therapy comprising frequent high-dose administration of intravenous antibiotics, such as aminoglycosides and β-lactams. In the case of *P. aeruginosa*, phenotypic variants with an enhanced capacity for biofilm formation are also highly antibiotic-resistant compared with the parent strains.^[@ref3],[@ref4]^ Similarly, the proportion of CF patients colonized with methicillin-resistant *Staphylococcus aureus* (MRSA) continues to escalate.^[@ref5],[@ref6]^ Colonization with Bcc poses a life-threatening problem, as they are inherently antibiotic resistant.^[@ref7]^ Furthermore, the frequent administration of intravenous high-dose antibiotics used as the current mainstay of therapy can potentially result in severe side effects.^[@ref8]^ Therefore, to combat the problems associated with toxicity and antimicrobial resistance, there is a great need for finding new modalities of treatment.^[@ref9]^

Silver, an agent with a historical significance for use in controlling infections, has been demonstrated to be highly biocidal against bacteria, including *Pseudomonas aeruginosa*, *Staphylococcus aureus*, and *Escherichia coli*, as well as fungal pathogens.^[@ref10]^ Presently, silver compounds are used as antimicrobial agents for the treatment of wounds and burns,^[@ref11],[@ref12]^ as coatings for catheters and endotracheal tubes, and as disinfectants.^[@ref13],[@ref14]^ In addition to its broad-spectrum antimicrobial activity, the relatively few reported accounts of silver resistance, despite its widespread and continuous use,^[@ref15]−[@ref19]^ and the low toxicity of Ag^+^ to human tissues^[@ref11],[@ref15],[@ref18]^ make silver-based antimicrobials very attractive. Hence, there has been a recent resurgence in the development of silver-based systems for antimicrobial applications. For instance, Sen and co-workers^[@ref20]^ have formulated poly(4-vinyl-*N*-hexylpyridinium bromide) cationic polymer/silver bromide nanoparticle composites, whereas hybrids of silver nanoparticles and amphiphilic hyperbranched macromolecules composed of polyethyleneimine have been developed by Tiller, Mecking, and co-workers.^[@ref21]^ Recently, Mahmoudi and Serpooshan have devised a novel system comprising ultrathin silver ring-coated superparamagnetic iron oxide nanoparticles (SPIONs) with ligand gaps that demonstrate excellent antimicrobial activity against *Staphylococcus aureus* and *Staphylococcus epidermis* biofilms while maintaining compatibility with human cells, thus alleviating the toxicity-related problems associated with silver nanoparticles.^[@ref22]^

Members of our research group have synthesized and characterized a series of N-heterocyclic silver carbene complexes (SCCs)^[@ref23]−[@ref28]^ and demonstrated their activity against a wide variety of Gram-positive and Gram-negative pathogens, including antibiotic-resistant *P. aeruginosa*, methicillin-resistant *Staphylococcus aureus*, and *Burkholderia* species isolated from the lungs of CF patients, as well as weaponizable BSL3 bacteria.^[@ref23]−[@ref28]^ The SCCs are easily nebulized or aerosolized, providing a means for direct administration to the lung *via* inhalation---an efficacious method for localized delivery to the site of infection.^[@ref29],[@ref30]^ Nebulization allows for the achievement of therapeutic outcomes with higher local drug concentration due to high doses delivered to the lung, a proportionally lower systemic drug concentration, and therefore decreased systemic toxicity.^[@ref31],[@ref32]^ However, the small size of SCCs and their quick diffusion across lung epithelium results in rapid clearance from the lungs following administration.^[@ref29],[@ref30]^ Instead of relying on patient adherence for several repeated inhaled dosages to maintain effective therapeutic concentrations within the lung, a strategy that may pose problems, we have sought to investigate the use of inhaled nanoparticles loaded with SCCs.

Cannon and Youngs *et al.* have reported the sustained release of SCC10 from [l]{.smallcaps}-tyrosine polyphosphate (LTP) nanoparticles and demonstrated their antimicrobial efficacy both *in vitro* and *in vivo*.^[@ref31]^ To improve upon the capabilities of the LTP nanoparticles, we have developed multifunctional, shell cross-linked knedel-like polymeric nanoparticles (SCK NPs) that are optimized for encapsulation and delivery of silver cations and/or SCCs.^[@ref33]^ The SCK NPs are composed of an amphiphilic diblock copolymer, poly(acrylic acid)-*b*-polystyrene (PAA-*b*-PS), which allows for the encapsulation of hydrophobic silver carbene complexes within the hydrophobic polystyrene core of the nanoparticles and the complexation of silver cation to the hydrophilic poly(acrylic acid) presented on the shell of the nanoparticles ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Furthermore, compared with the LTP nanoparticles,^[@ref31]^ the SCK NPs are of significantly lower particle size and provide functionalities at the nanoparticle surface for the attachment of targeting moieties. Previous *in vitro* studies of the silver-loaded SCK NPs have demonstrated excellent antibacterial activity.^[@ref34]^ Prior to *in vivo* efficacy studies, we first have confirmed that SCK NPs do not elicit an inflammatory response in the lungs of mice following intratracheal instillation. Subsequently, we have demonstrated the therapeutic efficacy of nebulized silver-loaded SCKs in a mouse model of *P. aeruginosa* pneumonia. Finally, in the same *in vivo* model of *P. aeruginosa* pneumonia, we have compared the efficacy of core-loaded SCK NPs to that of the shell-loaded and dual-loaded SCK NPs and have observed an apparent superiority of the core-loaded SCK NP formulation.

![Schematic (left) and chemical representation (right) of a shell cross-linked nanoparticle (SCK NP, cross-linkers are represented as blue rod) assembled from poly(acrylic acid)~*n*~-*b*-polystyrene~*m*~ (diblock copolymer represented by green (PAA) and brown (PS) rod) loaded with silver carbene complexes in the core and silver cation in the shell (represented by silver balls), where *n* = 120 and *m* = 40.](nn-2013-00322f_0001){#fig1}

Results and Discussion {#sec2}
======================

The dimensions of all silver-loaded SCK NPs were characterized by transmission electron microscopy (TEM) and dynamic light scattering (DLS). As a comparison, empty SCK NPs without silver were also characterized. The well-defined circularly shaped images observed by TEM suggested that the empty SCK NPs were spherical, with a narrow size distribution of 14 ± 3 nm ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Silver-loaded SCK NPs were also spherical with comparable sizes and size distributions, indicating that the silver incorporation did not affect the size or the shape of the SCK NPs. Their number-average hydrodynamic diameters, characterized by DLS, were also similar across loading methods, ∼24--30 nm, with narrow number-average size distributions of ∼6--8 nm ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}).

![TEM images (drop deposited on carbon-coated copper grids and stained negatively with 1% aqueous uranyl acetate) of (A) empty SCK NPs, (B) AgNO~3~-SCK, (C) AgCOOCH~3~-SCK, and (D) SCC10-SCK.](nn-2013-00322f_0002){#fig2}

###### Summary of Characterization Data for Empty and Silver-Loaded SCK NPs Measured by TEM and DLS

                   diameter by TEM (nm)   *D*~h~ (intensity) (nm)   *D*~h~ (volume) (nm)   *D*~h~ (number) (nm)   DLS PDI
  ---------------- ---------------------- ------------------------- ---------------------- ---------------------- ---------
  empty SCK        14 ± 3                 180 ± 110                 50 ± 30                30 ± 8                 0.302
  AgNO~3~-SCK      14 ± 2                 140 ± 90                  35 ± 20                24 ± 6                 0.279
  AgCOOCH~3~-SCK   13 ± 3                 150 ± 120                 40 ± 20                25 ± 7                 0.289
  SCC10-SCK        15 ± 4                 150 ± 120                 40 ± 25                28 ± 8                 0.290

![Dynamic light scattering histograms (determinations were average values from 10 measurements, with the standard deviations being calculated as the breadth of the distributions). Top row: intensity average of (A) empty SCK, (B) AgNO~3~-SCK, (C) AgCOOCH~3~-SCK, and (D) SCC10-SCK. Middle row: volume average of (E) empty SCK, (F) AgNO~3~-SCK, (G) AgCOOCH~3~-SCK, and (H) SCC10-SCK. Bottom row: number-average of (I) empty SCK, (J) AgNO~3~-SCK, (K) AgCOOCH~3~-SCK, and (L) SCC10-SCK.](nn-2013-00322f_0003){#fig3}

To better understand where the silver species reside, we performed both dark- and bright-field scanning transmission electron microscopy (STEM) on unstained AgNO~3~-SCK and SCC10-SCK and observed the contrast enhancement due to the presence of silver. The dark-field STEM image of AgNO~3~-SCK ([Figure [4](#fig4){ref-type="fig"}A](#fig4){ref-type="fig"}) showed that the shell of the nanoparticle was more illuminated compared with the core of the nanoparticle, due to the silver cations in the shell. This observation strongly supported our hypothesis that the silver cations from the AgNO~3~ is more likely to complex with the acrylic acid residues throughout the shells of the nanoparticles. In the case of SCC10-SCK, the SCC10 is hydrophobic and more likely to be localized in the core of the nanoparticles. Indeed, the cores of the nanoparticles were preferentially illuminated as demonstrated by STEM images ([Figure [4](#fig4){ref-type="fig"}B](#fig4){ref-type="fig"}). The bright-field STEM images also showed the incorporation of the silver species into the nanoparticles ([Figure [4](#fig4){ref-type="fig"}C,D](#fig4){ref-type="fig"}).

![STEM dark-field images (drop deposited on carbon-coated copper grids with no stain) of (A) AgNO~3~-SCK and (B) SCC10-SCK. STEM bright-field images (drop deposited on carbon-coated copper grids with no stain) of (C) AgNO~3~-SCK and (D) SCC10-SCK.](nn-2013-00322f_0004){#fig4}

SCK Induces No Acute Inflammatory Response in the Lung Following Intratracheal Delivery {#sec2.1}
---------------------------------------------------------------------------------------

Before investigating the efficacy of the silver-loaded SCK NPs in an infection model, we sought to determine whether or not the empty SCKs elicited an inflammatory response, which would indicate undesirable toxicity. Thus, SCK NPs in phosphate buffered saline (PBS) were administered to mice intratracheally, and the inflammatory response was analyzed 24 h later by quantifying inflammatory cells recovered in bronchoalveolar lavage (BAL) fluid. The total number of cells recovered from BAL was not significantly different (*p* = 0.354) than that of mice receiving PBS alone. Further, evaluation of BAL cell types collected from SCK-treated animals resulted in no significant difference in total numbers of macrophages (*p* = 0.391), lymphocytes (*p* = 0.772), or neutrophils (*p* = 0.126) as compared to mice treated with only PBS ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}).

![Effect of intratracheal instillation of PBS or SCK NPs in PBS on inflammatory cell differentials in bronchoalveolar lavage (BAL) fluid in mice. Cytospin preparations of cell pellets prepared from BAL fluid and light microscopy analysis were used to determine cell differentials, which demonstrates no significant differences between total inflammatory cell counts or individual cell types recovered from mice treated with PBS or SCK NPs in PBS.](nn-2013-00322f_0005){#fig5}

*In Vivo* Evaluation of the Antimicrobial Efficacy of SCK NPs {#sec2.2}
-------------------------------------------------------------

Once the SCK NPs demonstrated a lack of inflammatory response (response comparable to PBS) upon acute intratracheal delivery in mice, we began an initial evaluation of the *in vivo* antimicrobial effects of the SCKs. Survival studies were conducted to compare the efficacy of the shell-loaded SCK NPs to the core-loaded SCK NPs using a *P. aeruginosa* murine infection model. In addition to survival, weight loss and clinical scores were used as other markers of efficacy. The animals were delivered a single dose of nebulized treatment in a nose-only fashion 1 h post-inoculation. The corresponding total dose of silver ions delivered for the core-loaded SCK NPs (SCC10-SCK) and the shell-loaded SCK NPs (AgNO~3~-SCK/AgCOOCH~3~-SCK) was 0.74 ± 0.16 and 1.22 ± 0.33 mg of Ag^+^, respectively. All animals lost weight following *P. aeruginosa* infection; however, by 48 h, the animals treated with core-loaded SCK NPs that had survived had started to regain weight. The manifestation and progression of infection was also evident from the clinical scores of the animals. The mean clinical score for sham-treated animals was the highest at any given time point, followed by the mean score for shell-loaded SCK-NP-treated animals, whereas core-loaded SCK-NP-treated animals exhibited the lowest score (*p* = 0.067 compared with shell-loaded SCK NPs, *p* = 0.014 compared with sham). Although there was no statistical difference between the clinical scores of animals treated with various silver-containing SCK NP formulations at 24 h, the scores of all animals, except those treated with core-loaded SCK NPs, progressively worsened with time. Consequently, 100% lethality was observed in both sham-treated and shell-loaded SCK-NP-treated animals by approximately 48 h post-inoculation. However, treatment with core-loaded SCK NPs resulted in a 28% survival advantage (*p* = 0.0582, 0.14). These results demonstrate a distinct trend indicating the superiority of core-loaded SCK NPs for the treatment of *P. aeruginosa* associated pneumonia ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). Furthermore, a contingency analysis of the data corroborated these findings and demonstrated a statistically significant survival advantage conferred by the treatment of core-loaded SCK NPs compared with shell-loaded SCK NPs ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, *p* = 0.037). These results are surprising because the measured dosage of Ag^+^ ions delivered with the shell-loaded SCK NPs was approximately 2-fold higher than the Ag^+^ dose delivered by core-loaded SCK NPs.

![Effect of nebulized SCK NPs on survival, weight loss, and clinical scores in a mouse model of *P. aeruginosa* infection. Mice were infected intranasally with 1.2 × 10^6^ CFU per mouse of a clinical mucoid strain of *P. aeruginosa* (PA M57-15) and subsequently received a single-dose treatment with shell-loaded SCK NPs, core-loaded SCK NPs, or phosphate buffer vehicle 1 h after infection (as indicated by an arrow in panel A). (A) Kaplan--Meier survival curves. The survival of mice treated with core-loaded SCK NPs was greater than that of those treated with shell-loaded SCK NPs and phosphate buffer vehicle. (B) Clinical score. The mice treated with core-loaded SCK NPs exhibited better scores compared with animals treated with shell-loaded SCK NPs and phosphate buffer vehicle. (C) Weight loss. Mice treated with core-loaded SCK NPs lost slightly more weight than animals treated with shell-loaded SCKs and phosphate buffer vehicle at 48 h.](nn-2013-00322f_0006){#fig6}

![Contingency analysis of survival data using Fisher's exact test demonstrating the superiority of core-loaded SCK NPs compared with shell-loaded SCK NPs for treating *P. aeruginosa*-associated pneumonia.](nn-2013-00322f_0007){#fig7}

Subsequent studies were performed to compare the *in vivo* efficacy of core-loaded SCK NPs (SCC10-SCK) to the dual-loaded SCK NPs^[@ref34]^ (SCC10-AgNO~3~-SCK with silver loading in the core and the shell). Two doses of aerosolized core-loaded SCK NPs and dual-loaded SCK NPs were delivered 24 h apart in a nose-only manner to *P. aeruginosa*-infected mice in a multi-dosing chamber ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). The corresponding total dose per treatment of silver for the core-loaded SCK NPs and dual-loaded SCK NPs was 0.44 and 0.71 mg of Ag, respectively. LD~100~ was achieved in mice that were provided sham treatment, with 100% lethality occurring by approximately 36 h post-inoculation. Treatment with core-loaded SCK NPs resulted in a 60% survival advantage (*p* = 0.002), whereas treatment with dual-loaded SCK NPs resulted in a 40% survival advantage, compared with sham-treated animals (*p* = 0.021). Unexpectedly, considerably lower silver loading within the core-loaded SCK NPs (∼1/2 of the dual-loaded SCK NPs) did not result in a lower survival advantage compared with dual-loaded SCK NP formulation, which demonstrated a 20% lower yet nonsignificantly different survival advantage (*p* = 0.57).

![Kaplan--Meier survival curves demonstrating the superiority of core-loaded SCK NPs compared with dual-loaded SCK NPs and sham treatment in a mouse model of *P. aeruginosa* infection. Mice were infected intranasally with 1.3 × 10^6^ CFU per mouse of a clinical mucoid strain of *P. aeruginosa* (PA M57-15) and subsequently received two treatments with core-loaded SCK NPs, dual-loaded SCK NPs, or phosphate buffer vehicle 1 and 25 h after infection (as indicated by arrows). The survival of mice treated with core-loaded SCK NPs was greater than that of those treated with dual-loaded SCK NPs or phosphate buffer vehicle.](nn-2013-00322f_0008){#fig8}

These results illustrate that the core-loaded SCK NP and dual-loaded SCK NP formulations are effective against CF-relevant bacteria *P. aeruginosa* and can be used to reduce the likelihood of death in a *P. aeruginosa* pneumonia model. A 28% survival advantage was observed upon treatment with core-loaded SCK NPs over any other treatment in the case of a murine infection model experiment comparing the efficacy of the core-loaded NPs (SCC10-SCK) to the shell-loaded NPs (AgNO~3~-SCK and AgCOOCH~3~-SCK). A comparison of the release characteristics of silver from the nanoparticle formulations indicates that the core-loaded SCK NPs and the shell-loaded SCK NPs each provide a similar, relatively slow, and sustained release of silver.^[@ref34]^ For each formulation, approximately 50% of the silver is released over the first 24 h and a cumulative release of 80% of the encapsulated silver occurs by the second day. While the release rate of a drug from NPs is important in achieving therapeutic effect in most instances, a lack of significant difference in the release rate of silver from different SCK NP formulations suggests that the release rate is not a limiting parameter in this instance. Therefore, the superior therapeutic efficacy associated with the core-loaded SCK NPs, despite their lower Ag^+^ loading, may be attributed to the stability of the silver carbene complex or other factors, as yet unknown.

The shell-loaded AgNO~3~-SCK and AgCOOCH~3~-SCK NPs are expected to release silver as the incorporated salt or the silver cation, and in addition, Ag^0^ has been observed to accumulate near the shell of SCKs in these Ag^+^-loaded systems,^[@ref34]^ whereas core-loaded SCC10-SCK NPs are expected to release silver primarily in the form of the SCC molecule. In the event that silver is released as Ag^+^ cations or prematurely dissociated into Ag^+^ cations, there is a likelihood of the silver cations interacting with various anions in the tissue, particularly the Cl^--^ ion, and forming AgCl precipitates. Even though AgCl has been shown to have antimicrobial activity,^[@ref35],[@ref36]^ the low solubility product of AgCl possibly limits the availability of Ag^+^ ions, resulting in an attenuated antimicrobial activity. On the other hand, the coordination of silver to the carbene locks the silver atom in the +1 oxidation state, and upon degradation of the SCC molecule, the silver cation is released. It is likely that there is uptake of SCC by bacterial cells, and subsequent degradation of the SCC molecule within the bacterial cell releases the silver cation, which is responsible for the observed bactericidal effects and superior survival advantage. On the other hand, bacteria are known to utilize two defense mechanisms against heavy metal toxicity: increased expression of heavy metal efflux pumps and up-regulation of antioxidant enzymes.^[@ref37]^ While an investigation of the molecular effects of exposure of *P. aeruginosa* strain PA M57-15 to silver is outside the scope of this paper, Yang *et al.* have established a precedent for the biological responses in *P. aeruginosa* strain PAO1 following exposure to heavy metals released from quantum dots (QDs).^[@ref37]^ Apart from demonstrating an up-regulation of *czcABC* metal efflux transporters, superoxide dismutase gene *sodM*, and antibiotic resistance (ABR) genes following QD exposure, all of which are findings that can be expected to translate to our SCK NPs, as well, they have shown the formation of biogenic NPs by *P. aeruginosa* following exposure to Cd and Se salts.^[@ref37]^ Furthermore, the extracellular synthesis of Se, CdS, and Ag NPs has been demonstrated in a variety of bacteria including *P. aeruginosa* following exposure to the salts of these metals.^[@ref38]−[@ref41]^ These observations demonstrate the possibility of a detoxification mechanism, which results in the removal of released (dissolved) metals within close proximity to the bacteria by chelation by common ligands (chloride, phosphate, sulfides, organic matter, *etc.*), thus reducing their bioavailability, toxicity, and, in this instance, efficacy.

Additionally, the attachment to and uptake of NPs by bacterial cells may also occur, and subsequently, a controlled delivery of the SCC would occur within the bacterial cell. Several studies document the internalization and accumulation of metal and metal oxide nanoparticles (Ag NPs, ZnO NPs, TiO~2~ NPs) in bacterial cells. For instance, Fabrega *et al.* have demonstrated the uptake of silver nanoparticles (Ag NPs) by *Pseudomonas putida* in a biofilm environment,^[@ref42]^ whereas Morones *et al.* have demonstrated the uptake of Ag NPs by several Gram-negative bacteria such as *Escherichia coli*, *Pseudomonas aeruginosa*, *Vibrio cholera*, and *Salmonella typhus* in planktonic mode.^[@ref43]^ Similarly, Kumar *et al.* have demonstrated the internalization of zinc oxide (ZnO) and titanium dioxide (TiO~2~) nanoparticles in *E. coli* as well as *Salmonella typhimurium* using flow cytometry and transmission electron microscopy.^[@ref44],[@ref45]^ Even though the precise mechanism for the internalization of nanoparticles in bacteria is unknown, nonspecific diffusion, nonspecific membrane damage, and specific uptake (*sil*CBA gene transportation system, through porins) are believed to be possible routes for internalization.^[@ref44]^ These examples establish the precedent for uptake of nanoparticles by bacterial cells, and even though such data are unavailable for these polymeric SCK NPs, there is likelihood that SCC-bearing SCKs are internalized by bacteria. The occurrence of this phenomenon along with other interactions between the nanoparticles and the bacteria, which define the cellular responses to the NPs and dictate the antimicrobial efficacy, will ultimately depend upon the bacterial "vision" of the NPs. In general, the physicochemical properties of NPs such as composition, shape, size, crystallinity, and structure influence their biomedical application and performance; however, at the same time, they also influence the protein corona at the surface of the NPs.^[@ref46]^ Ashkarran *et al.* have investigated the bacterial effect on the antimicrobial capability of silver NPs with various geometries on three different types of bacteria and demonstrated that the type of bacteria can have a significant role in the definition of the antimicrobial efficacy of the NPs.^[@ref46]^ Furthermore, they have demonstrated that the geometry and other physicochemical properties of the NPs have a considerable impact on the composition and thickness of the protein corona on the NP surface.^[@ref46]^ The formation of a protein corona at the NP surface is dynamic competitive process^[@ref46],[@ref47]^ that happens instantaneously following the introduction of the nanomaterial into a biological milieu^[@ref48]−[@ref50]^ and imparts a new "biological identity" to the NPs.^[@ref51]−[@ref53]^ As pointed out by Ashkarran *et al.*, there is a vast difference between what the biological entities actually "see" when interacting with the NPs *versus* the actual pristine surface of the NPs, and significant interplay exists between NP properties, type of bacteria, the biological milieu and the observed antimicrobial efficacy.^[@ref46]^ Therefore, in the future, the SCK NP formulations will indeed have to be tuned as we develop NP-based therapeutics for the treatment of a variety of different bacteria and transition from *in vitro* to *in vivo* studies.

In the case of the experiments performed with the core-loaded SCK NPs and the dual-loaded SCK NPs, treatment with core-loaded SCK NPs translated to a higher survival advantage than dual-loaded SCK NPs in mice infected with *P. aeruginosa*, despite lower silver loading. For these studies, the differences in the loading and release rate of shell- *versus* core-loaded silver, as well as their individual contribution to the overall therapeutic efficacy, could not be investigated directly using the currently developed formulations due to the inability to distinguish silver release from the core *versus* the shell in the dual-loaded SCK NPs. Therefore, in order to answer this question, which is of considerable importance, we are developing a method wherein, radiolabeled ^111^Ag will be used to prepare SCC10, which will be subsequently loaded within the core of the nanoparticles, whereas non-radiolabeled Ag^+^ cations will be complexed to the shell of the nanoparticles. Since the signal from radiolabeled ^111^Ag can be differentiated from non-radiolabeled silver, we expect to successfully evaluate the rates of shell---and core---release of silver from the dual-loaded SCK NPs and publish this finding in a future paper. However, the survival data suggest that the dual-loaded SCK NPs have a higher quantity of shell-loaded silver compared with the core-loaded SCC10, thereby resulting in a decreased survival advantage compared with SCC10-only core-loaded SCK NPs. Finally, survival studies were performed with a free-drug formulation of a silver carbene complex SCC1, a compound we have extensively characterized both *in vitro* and *in vivo*.^[@ref23],[@ref25],[@ref54],[@ref55]^ These studies demonstrate that a total of 50 mg of SCC1 (14.4 mg of Ag^+^) delivered as five doses of 10 mg of SCC1 (2.88 mg of Ag^+^) each at 12 h intervals were necessary to achieve a 60% survival advantage compared with sham-treated animals. In contrast, a total of 0.88 mg of Ag^+^ delivered as two separate doses (0.44 mg of Ag^+^ each) at 24 h intervals through the core-loaded SCK NP formulation was sufficient to achieve a similar clinical outcome. Thus, a 16-fold higher quantity of the drug was required when administered as a free-drug *via* nebulization to achieve a comparable survival advantage. The superior efficacy of the core-loaded SCK NP formulation can thus be attributed to the sustained delivery of the encapsulated silver carbene complex, which in turn improves the pharmacokinetics of the therapeutic agent *in vivo*.

Conclusions {#sec3}
===========

We have developed three unique formulations of shell cross-linked nanoparticles (SCK NPs) loaded with a silver-bearing moiety in either the shell, the core, or both the shell and the core and investigated their efficacy for the treatment of *P. aeruginosa* in a mouse pneumonia model. Our results illustrated that core-loaded and dual-loaded SCK NPs are effective against the CF-relevant bacteria *P. aeruginosa* due to the ability of these nanoparticle formulations to provide a sustained release of the encapsulated silver carbene complex. The ineffectiveness of SCK NPs having only shell loading with AgNO~3~ or AgCOOCH~3~ is under further investigation and is hypothesized to be due to a relative instability of the weakly complexed Ag^+^ to precipitation with Cl^--^ or other ions and/or reduction to Ag^0^. The use of antimicrobials at high doses raises drug toxicity concerns; however, our data unequivocally demonstrated that such concerns can be alleviated by employing a nanoparticle delivery system allowing depot drug delivery without compromising treatment efficacy. The amphiphilic core--shell morphology of the SCKs is particularly attractive to build up nanoparticle antimicrobial delivery systems of greater complexity and specificity.

Materials and Methods {#sec4}
=====================

All chemicals were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO) and used without further purification unless otherwise indicated. Nanopure water (18 MΩ·cm) was acquired by means of a Milli-Q water filtration system (Millipore Corp., Bedford, MA). SCC10 was obtained from Nebusil, Inc. (Akron, OH) and synthesized according to the procedure described by Hindi *et al*.^[@ref27],[@ref28]^ SCK (20% cross-linked, 0.274 mg/mL, prepared from PAA~120~-*b*-PS~40~) was synthesized as previously reported.^[@ref56]^ The silver-loaded SCK NPs were constructed from aqueous self-assembly of PAA~120~-*b*-PS~40~ amphiphilic block copolymers into micelles, followed by covalent cross-linking throughout the shell region to afford discrete, robust shell cross-linked nanostructures,^[@ref56]^ and finally their loading with silver-based antimicrobial agents. The hydrophobic polystyrene core domain is capable of sequestering hydrophobic molecules, and the hydrophilic acrylic acid shell allows for multivalent functionalization, such as cross-linking, complexation with small cationic ions/molecules, or conjugation with chromophores or radiolabels for visualization *in vitro* or tracking *in vivo*. Two procedures were then followed for either shell complexation of silver cation from AgNO~3~ or AgCOOCH~3~ or core loading of SCC into the SCK NPs ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}). Silver cations were incorporated into the hydrophilic PAA shell region (AgNO~3~-SCK, AgCOOCH~3~-SCK) by addition of AgNO~3~ or AgCOOCH~3~ in water into the aqueous SCK NP solution, followed by stirring overnight to afford a homogeneous mixture. SCC10 (silver carbene complex 10, 1-hexyl-3-methyl-4,5-dichloroimidazole-2-ylidene silver(I) acetate, which undergoes decomposition in the presence of saline solution to release active Ag^+^) was encapsulated into the hydrophobic polystyrene core domain and/or the core--shell interface (SCC10-SCK) through addition of SCC10 in chloroform into the aqueous SCK NP solution, followed by stirring and evaporation of the organic solvent at room temperature overnight. In all three cases, free silver was removed using an Amicon ultracentrifugal filter device (100 kDa MWCO, Millipore Corp., Bedford, MA). Sodium chloride was added to the filtrates of AgNO~3~-SCK and AgCOOCH~3~-SCK until no precipitation was observed to confirm the removal of free silver cations. For SCC10-SCK, UV--visible spectroscopy was used to confirm removal of free SCCs. The resulting silver-loaded SCK NPs were characterized, and their antimicrobial activities were evaluated *in vivo*.

![Schematic representation of physical encapsulation of AgNO~3~ or AgCOOCH~3~ partitioned into the shell of the SCK and silver carbene complex 10 (SCC10) incorporated into the core of the SCK.](nn-2013-00322f_0009){#fig9}

Instrumentation {#sec5}
---------------

Ultraviolet--visible spectroscopy (UV--vis) absorption measurements were made using a UV-2550 system (Shimadzu Corp., Japan) with PMMA cuvettes. Inductively coupled plasma-mass spectrometry (ICP-MS) was performed on a Perkin-Elmer SCIEX ICP mass spectrometer ELAN DRC II, equipped with high-speed quadrupole, dynamic reaction cell (DRC), and axial field technology (AFT) to completely eliminate polyatomic interferences, using 1% HNO~3~ as the matrix and indium as the internal standard. Dynamic light scattering (DLS) measurements were conducted using Delsa Nano C from Beckman Coulter, Inc. (Fullerton, CA) equipped with a laser diode operating at 658 nm. Size measurements were made in Nanopure water. Scattered light was detected at 15° angle and analyzed using a log correlator over 70 accumulations for 0.5 mL of sample in a glass size cell (0.9 mL capacity). The photomultiplier aperture and the attenuator were automatically adjusted to obtain a photon counting rate of ∼10 kcps. The calculation of the particle size distribution and distribution averages was performed using CONTIN particle size distribution analysis routines using Delsa Nano 2.31 software. The peak average of histograms from intensity, volume, and number distributions out of 100 accumulations were reported as the average diameter of the particles, with the standard deviations being calculated as the breadth of the distributions.

Transmission electron microscopy (TEM) bright-field imaging was conducted on a FEI Tecnai G2 F20 FE-TEM, operating at a voltage of 200 kV. The samples were prepared as follows: 4 μL of the dilute solution (with a polymer concentration of ∼0.2--0.5 mg/mL) was deposited onto a carbon-coated copper grid, which was pretreated with plasma to increase the surface hydrophilicity. After 5 min, the excess of the solution was quickly wicked away by a piece of filter paper. The samples were then negatively stained with 4 μL of 1 wt % uranyl acetate aqueous solution. After 1 min, the excess uranyl acetate solution was quickly wicked away by a piece of filter paper and the samples were left to dry under ambient conditions overnight. High-resolution scanning transmission electron (STEM) microscopy was conducted on a FEI Tecnai G2 F20 FE-TEM coupled with energy-dispersive X-ray (EDX), operating at a voltage of 200 kV. The samples were prepared as follows: 4 μL of the dilute solution (with a polymer concentration of ∼0.2--0.5 mg/mL) was deposited onto a carbon-coated copper grid, which was pretreated with plasma to increase the surface hydrophilicity. After 5 min, the excess of the solution was quickly wicked away by a piece of filter paper and the samples were left to dry under ambient conditions overnight.

Experimental Procedure {#sec6}
----------------------

### Preparation of Silver Nitrate-Loaded SCK (AgNO~3~-SCK) {#sec6.1}

A solution of AgNO~3~ (5.4 mg/mL in Nanopure water, 1.18 mL) was added to the SCK solution (15 mL, polymer concentration = 0.274 mg/mL), and the solution was shielded from light and allowed to stir overnight at room temperature. The solution was transferred to a centrifugal filter device (100 kDa MWCO) and washed with Nanopure water (\>3 cycles) to remove free silver and other small molecules. Sodium chloride was added to the filtrate until no precipitation was observed to confirm the removal of free silver ion. The resulting AgNO~3~-SCK was then reconstituted to a final volume of 15.31 mL, and silver loading concentration was measured by ICP-MS to be 78 ppm.

### Preparation of Silver Acetate-Loaded SCK (AgCOOCH~3~-SCK) {#sec6.2}

A solution of AgCOOCH~3~ (3.5 mg/mL in Nanopure water, 1.82 mL) was added to the SCK solution (15 mL, polymer concentration = 0.274 mg/mL), and the solution was shielded from light and allowed to stir overnight at room temperature. The solution was transferred to a centrifugal filter device (100 kDa MWCO) and washed with Nanopure water (\>3 cycles) to remove free silver and other small molecules. Sodium chloride was added to the filtrate until no precipitation was observed to confirm the removal of free silver ion. The resulting AgCOOCH~3~-SCK was then reconstituted to a final volume of 15.45 mL, and silver loading concentration was measured by ICP-MS to be 123 ppm.

### Preparation of SCC10-Loaded SCK (SCC10-SCK) {#sec6.3}

A solution of SCC10 (6.3 mg/mL in chloroform, 651 μL) was added to the SCK solution (15 mL, polymer concentration = 0.274 mg/mL), and the solution was shielded from light and allowed to stir overnight at room temperature. The solution was transferred to a centrifugal filter device (100 kDa MWCO) and washed with Nanopure water (\>3 cycles) to remove free silver and other small molecules. The removal of free silver carbene moieties was confirmed by UV--vis spectroscopy. The resulting SCC10-SCK was then reconstituted to a final volume of 15.63 mL, and silver loading concentration was measured by ICP-MS to be 38 ppm.

### Mice {#sec6.4}

Male C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME) at 6--8 weeks of age were used for these studies. Animals were housed in a barrier facility under pathogen-free conditions until they were inoculated with bacteria. Studies were approved by the University of Texas Southwestern Medical Center and the Washington University School of Medicine IACUC committees.

### Drugs and Delivery {#sec6.5}

SCC10-SCK, AgNO~3~-SCK, AgCOOCH~3~-SCK, SCC10-AgNO~3~-SCK, and empty SCK nanoparticle formulations were always suspended in sterile Nanopure water free of Cl^--^ ions to avoid the precipitation of AgCl. The nanoparticle formulations were delivered *via* an Aeroneb Lab apparatus (Aerogen Inc., Galway, Ireland) connected to a multi-dosing animal chamber. The Aerogen nebulizer uses micropump technology to produce fine particles (1--5 μm) in a low velocity aerosol.^[@ref57]^ The multi-dosing chamber is a square Plexiglas box with inner dimensions of 8 × 8 × 4.5 in. height. The nebulizer is mounted in the center of the lid.

### Infection Model and Treatment Protocol {#sec6.6}

A clinical isolate of *P. aeruginosa* designated PA M57-15 was provided by Dr. Thomas Ferkol (Washington University, St. Louis, MO). This isolate is a mucoid strain obtained from a patient with cystic fibrosis and has been extensively studied in animal models.^[@ref58]^ The bacteria were streaked from glycerol-frozen stocks onto tryptic soy agar (TSA) plates and incubated overnight at 37 °C. Cells from the fresh plate were suspended in Luria (LB) broth (10 mL) to an OD~650~ of 0.2 and grown at 37 °C in a shaking incubator at 200 rpm to an OD~650~ of 0.4, which corresponds to 3.15 × 10^8^ CFU/mL as determined by serial dilution and plating onto TSA plates.

The first infection model experiment was performed to evaluate and compare the efficacy of the core-only silver-loaded SCK NPs (SCC10-SCK) and the shell-only silver-loaded SCK NPs (AgNO~3~-SCK and AgCOOCH~3~-SCK). Following anesthesia, mice were delivered 75 μL of PA M57-15 in LB broth intranasally (∼1.2 × 10^6^ CFU per mouse). Subsequently, the mice were weighed and randomly assigned to one of the treatment groups. The treatment groups comprised sham treatment (90:10 v/v water/phosphate buffer), blank SCK NPs, SCC10-SCK NPs, AgNO~3~-SCK NPs, and AgCOOCH~3~-SCK NPs with 6 mice per group. One hour after inoculation with *P. aeruginosa*, the animals were exposed to a single dose of their respective treatments (15 mL administered over 30 min). To allow nose-only delivery of drug, animals were placed in CH-247 tubes (CH Technologies, Westwood, NJ). Five animals at a time, each housed in individual tubes, were placed into a multi-dosing chamber to administer treatment. Mice were weighed and assigned daily a clinical illness score---an indicator of their health status ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"})---as well as observed for survival a total of 72 h after inoculation. The experiment was performed twice, and the data from both experiments have been pooled.

###### Description of the Clinical Illness Score[a](#tbl2-fn1){ref-type="table-fn"}

  clinical parameter   description
  -------------------- ---------------------------------------------
  activity              
  0                    normal
  1                    slow, but walking
  2                    still, moves with gentle nudge with finger
  3                    does not move with gentle nudge with finger
  fur                   
  0                    smooth
  1                    ruffled
  posture               
  0                    normal
  1                    hunched
  2                    prostrate

The mice were scored for activity, fur, and posture, and the scores for each mouse were pooled. The maximum possible score is 6, which indicates a moribund mouse.

To determine the *in vivo* efficacy of core-loaded silver nanoparticles (SCC10-SCK) *versus* dual-loaded silver nanoparticles (core and shell, SCC10-AgNO~3~-SCK), the previous mouse model protocol was slightly modified as described below. One hour after inoculation with *P. aeruginosa*, the animals were exposed to a dose of their respective treatments (5 mL administered over 15 min). The treatment groups comprised sham treatment (90:10 v/v water/phosphate buffer), SCC10-SCK nanoparticles, and SCC10-AgNO~3~-SCK nanoparticles with 5 mice per treatment group. The animals received a second nebulized dose of their respective treatment 24 h after the first. Mice were weighed and scored daily for survival a total of 72 h after inoculation.

### *In Vivo* SCK Delivery, Bronchoalveolar Lavage (BAL), and Quantification of Inflammatory Cells {#sec6.7}

Mice were anesthetized prior to cannulation of the trachea with a 22-gauge angiocatheter. For intratracheal delivery, sterile phosphate buffered saline (pH 7.4, PBS, Cellgro, Corning Life Science, Corning, NY) alone or SCK (10.8 mg/50 mL) in PBS followed by 50 μL of air as dead space was administered through the catheter as a single bolus. Lungs were subjected to BAL with 1 mL of PBS. BAL fluid was centrifuged, and the cell pellet was resuspended in 1 mL of PBS for total cell count and Cytospin preparation. The immune cell differential was determined using standard light microscopy criteria as described previously.^[@ref59]^

### Statistics {#sec6.8}

Analyses were performed using Prism 5 (GraphPad Software, Inc., San Diego, CA). The *in vivo* survival curves in the infection model were compared using a log-rank test. To compare the efficacy of shell-loaded SCK nanoparticles with the efficacy of core-loaded SCK nanoparticles, a contingency analysis of the two groups (χ^2^) was performed. Changes in animal weights and clinical scores were compared by ANOVA. Comparison of cell counts obtained from bronchoalveolar lavage samples between mice treated with PBS and SCK nanoparticles was performed using a two-tailed *t* test.
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